Introduction 62
The injuries associated with falls contribute to more than 90% of all hip fractures and are 63 the primary cause of accidental deaths in those over 65 (Fuller 2000; Sterling et al. 2001) . 64
Increased postural sway during quiet standing is associated with elevated fall risk in older adults 65 (Maki et al. 1994; Melzer et al. 2004) . Cognitive distractions that divert attentional resources 66 seem to impair postural control (Brown et al. 1999) , and thus may increase fall risk in older 67 adults. However, the mechanism by which cognitive distractions affect postural sway or fall risk 68
is not clear (Melzer et al. 2001; Prado et al. 2007; Woollacott and Shumway-Cook 2002) . In a 69 healthy person, one task such as postural control may be performed requiring minimal attention, 70 while the person is attentive to the secondary "dual task" such as a cognitive task. In the context 71 of postural control, the performance of a secondary "dual task" is generally associated with 72 increased postural sway, that is, the primary postural task suffers a 'dual task decrement '. 73 However, the neurophysiological mechanisms responsible for the dual-task decrement on executive function, and the prefrontal cortex have been implicated as possible resources that are 77 taxed (Yogev-Seligmann et al. 2008) . The changes in postural behavior, particularly sway 78 amplitude, with distractions suggests the lack of these attentional or neuronal resources during 79 dual task may lead to inadequate or inappropriate activation of postural musculature. (Donker et 80 al. 2007; Melzer et al. 2001; Prado et al. 2007 ) However, to develop a better neurophysiological 81 description of the changes in postural control and how these changes affect the ability to 82 withstand perturbations that may cause falls, we also need a better dynamical and mechanical 83 description of the postural sway behavior during the dual task.
To describe the role of dual task on the mechanics of postural sway, we consider a simple 85 model of standing postural control, where upright standing is modeled as an damped-oscillator 86 inverted pendulum that is held upright through mechanical stiffness in the ankle (Winter et al. 87 1998) . This mechanical stiffness that keeps the body upright may reflect muscle tone or tendon 88
properties, and also reflexive and anticipatory control mechanisms (Fitzpatrick and Gandevia 89 2005; Loram et al. 2009; 2004; Morasso and Schieppati 1999) . This model predicts that 90 decreased stiffness would result in increased sway amplitude and vice versa. Thus we 91 hypothesize that the changes in postural sway amplitudes due to dual task are mediated by the 92 changes in postural stiffness. 93
In this study, we tested the effect of dual task on postural stiffness as determined from the 94 inverted pendulum model of standing postural control in a representative sample of community-95 dwelling older adults. Our first goal was to examine the effect of dual task on the postural 96 stiffness using a serial subtractions task. Second, we looked at the ability of the damped 97 oscillator inverted pendulum model to explain the effect of dual task on postural dynamics. 98
99

Methods 100
Subjects 101
This current study is a secondary analysis of the data from the MOBILIZE Boston Study 102 (MBS), which stands for "Maintenance of Balance, Independent Living, Intellect, and Zest in the 103
Elderly of Boston," a prospective cohort study examining risk factors for falls, including pain, 104 cerebral hypoperfusion, and foot disorders in the older population. The study includes a 105 representative population sample of 765 volunteers age 70 or above from the Boston area. After 106 providing informed consent as approved by the Hebrew SeniorLife Institutional Review Board, 107 all subjects underwent a standardized evaluation. A full description of the study design and the 108 collected data is presented elsewhere (Leveille et al. 2008) . Of the 765, static posturography data 109 was used from 724 participants (Table 1) . Of the 41 participants out of the cohort of 765 were 110 not considered for analysis, 16 were unable to stand for 30 seconds at a time, 7 refused, and 3 111 had an amputation. Also, data from 15 were excluded due to equipment problems. 112
113
Balance Assessment 114
Subjects stood barefoot with eyes open on a 6-DOF force platform (Kistler 9286AA). 115
Stance width was freely chosen, about 30 cm on average. No visual target was specified. The 116 center of pressure (COP) displacements under their feet, in both anteroposterior (AP) and 117 mediolateral (ML) directions were sampled at 240 Hz. Subjects performed two sets of five quiet 118 standing trials, 30 seconds each. One set included a cognitive task (dual task challenge). The 119 order of the two sets was randomized. Trials were grouped by sets of 5 to minimize carryover 120 effects between conditions. 121
The dual task challenge consisted of serial subtractions. Each subject was asked to 122 verbally count backwards by 3 from 500 during the 30 second trial (subtractions by 3, or S3). S3 123 paradigm is a classic neuropsychological test. Counting was started at 500 to provide enough 124 numbers to be processed during the trial. In subsequent dual task trials subjects continued the 125 subtractions where they previously left off. Performance of the dual task was monitored by 126 asking the subject to verbalize the answers. To keep the task difficulty similar between subjects, 127 if 5 errors were made during this task, the test was modified by having them count backward by 128 1 from 500. Data from these trials were included in subsequent analyses, as they were not 129 significantly different from other trials (Kang et al. 2009) . If the subject still made 5 errors, the 130 task was switched to counting backward by 1 from 100. If subjects also failed this task, they 131 were then asked to name items found at a supermarket. Subjects were instructed to prioritize on 132 counting. Participants sat and rested for one minute between trials. 133
134
Postural Model 135
Postural model parameters were calculated from the COP data using methods described 136 previously (Winter et al. 1998) where C is a scaling constant, I is the moment of inertia about the ankle (Ledebt and Breniere 151 1994), K e is stiffness, B is damping, and ω is the angular frequency (radians/sec or 1/2π Hz).
In a simplified case without damping, the model predicts a power-law relationship ( 153
) between COM RMS and K e (Winter et al. 1998) . In both the damped and 154 undamped models, the decreased postural stiffness will increase postural sway amplitude. for quality control. RMS amplitude of the center of mass sway (COM RMS ) and of the center of 158 pressure (COP RMS ) was also determined. These variables were calculated using MATLAB 7.4 159 (Mathworks, Natick MA). 160
161
Clinical Measures of Physiologic Function 162
We considered multiple clinical characteristics that may be related to balance or dual-task 163 ability, including age, gender, vision, peripheral neuropathy in the feet, leg strength, fall history, 164 and gait speed. Vision was determined using a Snellen chart. Peripheral neuropathy was defined 165 as inability to sense either of two Semmes-Weinstein monofilaments (4.1 and 5.6g) less than 166 three times out of four in either foot. Leg strength was assessed using maximum single 167 repetition weight on leg press, scaled to body weight. Fall history was defined as a self-report of 168 any fall within 1 year prior to data collection. We also quantified executive function (Yogev-169 Seligmann et al. 2008) , the ability to plan, coordinate, and modulate behavior, using the Trail 170
Making Test Part B (TMT-B) (Reitan and Wolfson 1993), a timed test of connecting the dots on 171
a page in the 1-A-2-B-.. sequence, and cognitive status using the Folstein mini-mental status 172 exam (MMSE) (Folstein et al. 1975 ), a dementia screening instrument that assesses situational 173 awareness, verbal memory, and arithmetic skills. Education (self-report of completing high 174 school or higher education) and depression using the Center for Epidemiological Studies 175 depression scale, Hopkins revision (CES-D-R) (Eaton et al. 2004) were also assessed. 176
Statistical Analyses 178
First, we determined the effect of dual task on dependent variables of sway amplitudes 179 COP RMS , COM RMS , stiffness K e , and damping B. A mixed-model analysis of variance was used 180 (SAS 9.1, Cary NC, proc mixed), with empirical ("sandwich") standard error estimation (Zeger 181 and Liang 1986) and unstructured covariance to account for multiple observations per condition 182 and per subject. AP and ML data were analyzed separately. 183
To account for any differences in the ability to perform serial subtractions among 184 participants, we further divided the population into those who could complete the serial 185 subtraction S3 task ("S3-able" group) and who could not ("S3-unable" group), and tested if the 186 two groups differed in their postural control parameters by adding a between-subjects term to the 187 mixed-model ANOVA above. 188
To account for the demographic, clinical, and body-size differences between the groups, 189 the mixed model ANOVA were repeated with the biomechanically scaled variables (Hof 1996) sensory loss, TMT-B, daily alcohol use, and fall history (Table 1) . 195
Second, we also tested the inverted pendulum model's prediction on the power law relationship ( 196
) between center of mass sway and postural stiffness. We tested their 197 relationship using a linear regression for a log-log slope of -0.5. Further, we determined 198 whether the effect of dual task on COM RMS can be explained through changes in K e , byincluding K e as a covariate when assessing the effect of the dual task on COM RMS in a mixed 200 model analysis. Since both COM RMS and K e were log-transformed, this also tests for a linear 201 relationship in the log-log space. 202
203
Results
204
The MBS cohort includes relatively healthy community-dwelling older adults (Leveille et 205 al. 2008) (Table 1) . Sway amplitudes COP RMS and COM RMS increased with dual task (DT) (p 206 <0.001) in both AP and ML directions. Stiffness K e decreased (p<0.001) in the ML direction 207 during dual task, but not in the AP (p = 0.32; Table 2 ). These results suggest that in AP, the 208 increase in sway amplitude due to dual task come from something other than the decrease in K e . 209
In the ML direction, the increase in sway amplitude comes through the decrease in K e . Damping 210 B increased with dual task (p <0.001) in both AP and ML directions. 211 212
Group differences by dual tasking ability 213
Compared to the S3-able group, the S3-unable group was older, less educated, had poorer 214 cognitive function, more depression, and included more women and those with a history of falls 215 (Table 1 ). In addition, they were also shorter, and had less leg strength. The magnitude of the 216 stiffness parameter K e was similar to previous reports (Webber et al. 2004; Winter et al. 1998) . 217
However, damping B was lower than previously reported values from young adults (Winter et al. 218 1998) . In the AP direction, no group differences were observed in any of the biomechanical 219 model parameters (p >0.12; Table 3 , Figures 3,4 ). Yet in the ML direction, S3-unable group 220 exhibited greater postural sway amplitude (COP RMS and COM RMS ; p <0.001), less stiffness K e 221 (p <0.001), and less damping B (p=0.005) than the S3-able group (Figures 3,4) . 222
Effect of dual task in S3 groups 224
After accounting for group differences in the ability to perform the dual task, the effect of 225 dual task on the postural parameters were similar (Figures 3,4) . However, AP K e exhibited an 226 interaction between group and task (p = 0.004), where only the S3-unable group exhibited an 227 increase in K e (Least-squares differences post-hoc p = 0.004). 228
After scaling to body size and adjusting for clinical covariates, group differences were no 229 longer significant (p = 0.15~0.94; Table 3 ) in all variables. However, the effect of dual task 230 remained significant (p<0.002) after these adjustments. The interaction of group and task on AP 231 K e also remained significant (p = 0.048). 232
233
Predicted Power-law relationship 234
The simplified undamped model predicts a log-log slope of -0.5 in the regression between 235 COM RMS and K e . In our population, COM RMS and K e did show an inverse relationship, but the 236 association was not as strong as predicted, with an attenuated regression slope closer to zero. 237
Log-log slopes in the S3-unable group (AP: -0.11, ML -0.23) were less attenuated than in the S3-238 able group (AP: -0.086; ML -0.16). Using a random-intercepts regression model to account for 239 individual differences did not affect the result. Including other covariates in this regression 240 model also did not account for the attenuated slopes. Thus our data did not support this 241 prediction from the undamped case, contrary to previous work (Winter et al. 1998) . 242
243
Mediating role of K e in Sway amplitude 244
Since K e decreased with dual task in the ML direction, we tested whether this decrease in 245 K e could explain the increase in sway amplitude due to the dual task. When K e was included as 246 a covariate in addition to those above in the mixed model analysis, both K e and dual task effects 247 were statistically significant (both p < 0.001) in explaining changes in sway (Table 4) . Thus 248 changes in K e did not fully explain the increase in sway amplitude. Furthermore, in AP, K e did 249 not decrease during dual task, and in fact increased in the S3-unable group. Therefore, there 250 must be other mechanisms that contribute to changes in postural sway during dual task. 251 252 Discussion 253
In this representative population-based sample of older adults, we found that dual task led 254 to increased postural sway with the decrease of postural stiffness in the ML direction, but not in 255 the AP direction. Those with difficulty performing the serial subtractions dual task increased 256 postural stiffness in the AP direction with the dual task. We also found S3 task ability is related 257 to only ML postural dynamics. In our population, the increase in postural sway with dual task 258 could be explained only partly through the changes in postural stiffness. Further, damping 259 played an important role in postural control. This was evidenced by how damping was affected 260 by both dual task and the S3 task ability. Also, the power-law relationship between sway 261 amplitude and postural stiffness, as predicted by the undamped model was not supported in our 262
population. 263 264
Difference between AP and ML Postural Control 265
The results demonstrate the different involvement of cognitive resources on control of AP 266 vs. ML postural sway. Only in the ML direction, the S3-unable group has greater postural sway 267 and less postural stiffness even after accounting for body size differences. This suggests that 268 difficulty with performing the dual task is accompanied by changes in postural dynamics only in 269 the ML direction. Also, in AP, the increase in sway amplitude with dual task was not 270 accompanied by a decrease in K e . Yet in ML, increased sway with dual task was accompanied 271 by a concurrent decrease in K e . Thus the response of the postural system to the dual task stressor 272 is different between AP and ML. Interestingly, in the S3-unable group, despite the increase in 273 AP K e , sway amplitude still increased, when the model predicts that increased postural stiffness 274 should reduce sway amplitude. Also, this indicates that the S3-unable group exhibits an altered 275 postural control in response to the dual task. These differences in postural control mechanism 276 could be detected using this simple model of postural control. 277
One possible mechanism for this difference between AP and ML postural control may be 278 the nature of bipedal standing, as it may affords additional natural stability in the ML direction 279 due to the wider base of support, but not in AP. During dual task, the central nervous system 280 (CNS) may be trying to maintain standing posture using the reduced attentional or neural 281 resources that can be devoted to postural control. The CNS may be able to afford to not activate 282 muscles that control ML motion, while it has to focus on AP postural control, which does not 283 have the additional "free" postural stability. This prioritization may also explain why only ML 284 dynamics are affected by the S3-task impairments. Yet, if ML postural control is affected 285 severely enough, a fall may ensue. Thus, dual task may divert the resources necessary to 286 maintain ML stability, and thus lead to falls. That mediolateral postural, stepping, and gait 287 dynamics are associated with falls (Hilliard et al. 2008; Kuo 1999; Maki et al. 1994; Melzer et al. 288 2004; Rogers and Mille 2003) supports this idea. Further, wider stance leads to increased 289 mediolateral stiffness (Winter et al. 1998 ). However, more work is needed to confirm whether 290 the observed differences in AP and ML postural control mechanisms are in fact in response to 291 differences in wider base of support. This possibility could be tested in experiments using a 292 single-leg stance or tandem stance (one foot directly in front of the other). During single-leg 293 stance, the performance of the dual task may affect postural control similarly in both AP and 294 ML, while during tandem stance, the effects of dual tasking may switch from our observed 295 results. Other postural challenges such as eyes-closed or standing on foam may amplify these 296 effects. EMG data is needed to confirm these changes in muscle activation. 
Validation and Limitations of the Damped Oscillator Inverted Pendulum Model 315
Even after scaling out the heterogeneity in the data due to body size, our data did not 316 behave strictly like the power law relationship predicted by the simplified undamped model ( 317
), with a log-log slope of -0.5. This, combined with the increases in dampingduring dual task, indicate that damping is an important factor in postural sway behavior 319 (Cenciarini et al. 2009; 2010; Maurer and Peterka 2005; Peterka 2000) . 320
The increase in sway due to the dual task could only be partially explained by the 321 concurrent changes in K e in ML and not at all in AP direction, suggesting that there are other 322 effects of dual task on postural sway amplitude that is not captured by this model. This may be 323 because according to the damped oscillator model, sway amplitude is a non-linear function of 324 stiffness, damping and driving forces. Therefore it is reasonable to expect the K e does not fully 325 explain the variance in the sway amplitude. The change in damping is not a likely explanation, 326 as increased damping would have the effect of slowing down the sway and likely lead to smaller 327 sway amplitude, not greater. One explanation could be formulated in terms of a forcing function 328 on the damped oscillator, which will be explored in future work. Also, this model does not 329 explicitly account for cognitive and neural aspects as well as other mechanical aspects of 330 postural control. 331
The inability to fully describe this role of cognitive distractions on postural control is a 332 limitation of the simple mechanical lumped parameter model. This model in its current form 333 does not separate the role of active vs. passive control of posture, as suggested in the literature 334 (Fitzpatrick and Gandevia 2005; Loram et al. 2009; 2004; Morasso and Schieppati 1999) . It is 335 not clear how much of postural stiffness is due to passive tissue properties, which could be 336 modified using strength training and mechanical supports vs. active control which could be 337 modified using cognitive and sensory integration training, as these would be two different 338 domains that counted be targeted for interventions to reduce falls in older adults. A more 339 sophisticated model of postural control that separates the passive elements from the dynamics of 340 sensory input, neural controller and motor output may better explain the role of cognitive 341 function and separate the contributions of active vs. passive mechanisms and also the controller(nervous system) vs. actuator (muscles) (Cenciarini et al. 2009; 2010; Mahboobin et al. 2007; 343 Maurer and Peterka 2005; Peterka 2000) . Also, since older adults tend to use a hip-strategy for 344 postural control compared to using the ankle as with young adults(Horak and Nashner 1986), a 345 multi-link system that includes the knee and the hip may better model quiet standing in older 346 adults. However, such models would require data from perturbation-response experiments with 347 full-body motion capture, which are difficult to obtain from large population-based 348 epidemiological studies. Nevertheless, mechanistic differences in postural sway behavior due to 349 performing the dual task and the ability to perform them were captured using this simple model. In our population based sample of community dwelling older adults, we found that the 361 sway increases with dual task. Other small studies have found a decrease in sway with dual task 362 (Prado et al. 2007 ). In one study, older adults reduced postural sway in response to performing a 363 dual task when standing in narrow stance, by activating ankle muscles (Melzer et al. 2001) . 364
Inconsistent reports in the literature on the effect of dual task may be due to the different 365 cognitive tasks (Prado et al. 2007; Sturnieks et al. 2008) Task prioritization may also contribute to inconsistent findings (Bateni et al. 2004; Siu et 373 al. 2008) . Healthy individuals may prioritize the dual task, and be able to accommodate resulting 374 increases in sway magnitude. Unhealthy people may have to prioritize standing, leading to 375 minimal changes in sway magnitude, yet more mistakes on the dual task. It is possible that the 376 relationship between S3 task performance and postural dynamics may be confounded by 377 differences in task prioritization between the two groups. However, except for AP K e , both 378 groups responded similarly to the dual task, and therefore the difference in task prioritization is 379
unlikely. 380 381
Limitations and future work 382
Although postural stiffness may be reflective of postural muscle tone and motor control 383 function of the brain, we cannot directly infer any actual muscle activation or CNS deficits, as 384 EMG and MRI data were not collected during this wave of the MOBILIZE Boston parent study. 385
Future work will need to use muscle and brain activation dynamics in conjunction with 386 posturography data to better understand the postural control mechanisms. Our population 387 consisted of relatively healthy community-dwelling older adults, and therefore our findings need 388 to be confirmed in a more frail population. Also, the estimates of K e are several steps removed The center of mass (COM) dynamics are influenced by stiffness K e and damping B. COM 599 motion is described by its RMS (root-mean-square) amplitude, or COM RMS . 600 601 602 Figure damped oscillator model is fit to the amplitude spectrum using least-squares optimization. 608 609 Figure 3 . Postural sway amplitudes between S3 groups and tasks 610 611
Postural sway (COP RMS and COM RMS ) increased when performing the dual task. In AP, no 612 group differences were found between the S3 groups, but in ML, those with difficulty 613 performing S3 task exhibited greater sway amplitude. 614 615 Figure 4 . Dual task and pendulum model parameters 616 617
Group differences were not significant in the AP direction. In ML, those with difficulty 618 performing the S3 task exhibited lower stiffness and damping. Damping increased with dual 619 task. K e increased only in the S3-unable group in AP, and decreased only in ML direction with 620 dual task. Lines are offset for clarity. 621 622 
